DNA hybridization data (hydroxyapatite method, 50 to 70°C) indicate that Rickettsia prowazekii, the type species of the type genus of the family Rickettsiaceae, is substantially less closely related to Rochalimaea species than was previously thought. The levels of relatedness of Rickettsia prowazekii to Rochalimuea species and to Bartonella bacilliformis under optimal conditions for DNA reassociation were 0 to 14%, with 25.5% or greater divergence in related sequences. When stringent reassociation criteria were used, the levels of relatedness were 0 to 2%. The genera Bartonella and Rochalimaea are currently classified in different families (the Bartonellaceae and the Rickettsiaceae) in the order Rickettsiales. On the basis of DNA relatedness data, previous 16s rRNA sequence data, guanine-plus-cytosine contents, and phenotypic characteristics, neither Bartonella bacilliformis nor Rochalimuea species are closely related to other organisms currently classified in the order Rickettsiales. In fact, the closest relative of these organisms is Brucella abortus. It is therefore proposed that the family Bartonellaceae should be removed from the order Rickettsiales. Previous 16s rRNA sequence data and DNA hybridization data revealed high levels of relatedness between Bartonella bacilliformis and the four Rochalimuea species, indicating that these species are members of a single genus. It is proposed that the genus Rochulimaea should be united with the genus Bartonella in the family Bartonellaceae. The name Bartonella is retained as the genus name since it has nomenclatural priority over the name Rochulimaea. This means that new combinations for the Rochulimaea species must be created. Proposals are therefore made for the creation of Bartonella quintana comb. nov., Bartonella vinsonii comb. nov., Bartonella henselae comb. nov., and Bartonella elizabethae comb. nov.
All organisms considered to be rickettsiae are classified in the order Rickettsiales, which presently contains the three families Rickettsiaceae, Bartonellaceae, and Anaplasmataceae (54, 56) . Rickettsiae were originally defined as parasites that could grow only in their hosts or in living tissues (30) . Members of the genera Bartonella and Grahamella in the family Bartonellaceae (36) and the genus Rochalimaea in the family Rickettsiaceae (57) , however, are cultivable on bacteriologic media.
Bartonella bacillifonnis is the only Bartonella species that has been described previously (21) . Forty or more species of the genus Grahamella have been described (21, 48) , although only two species have been validly published and no cultures exist for these species (22) . Until recently, Rochalimaea quintana and Rochalimaea vinsonci were the only Rochalimaea species that had been described (57) . Two new species isolated from human clinical sources, Rochalimaea henselae and Rochalimaea elizabethae, were described recently (11, 31, 58) .
Substantial efforts to determine the phylogenetic position of rickettsiae began with the 16s rRNA sequencing studies of Weisburg and his colleagues (49, 50, 52) . In other recent studies workers described new Rochalimaea species and further determined the phylogenetic relationships of Roch-alimaea and Bartonella species to each other and to members of the family Rickettsiaceae (6, 9, 26, 31, (33) (34) (35) 58) . The data obtained in these studies do not support the present classification of the genera Bartonella and Rochalimaea in the order Rickettsiales or the classification of these taxa in different families. Furthermore, the data indicate that the five species currently in these genera should be in a single genus. In this paper we describe DNA hybridization data which reveal the levels of relatedness of Rickettsia prowazekii to members of the genera Rochalimaea and Bartonella. We also review the classification of these taxa, discuss the previous data which indicate that this classification should be changed, and make the following taxonomic proposals: (i) that the genus Rochalimaea should be transferred from the family Rickettsiaceae to the family Bartonellaceae; (ii) yolk sac passage 280 was cultivated in 6-day-old embryonated and antibiotic-free hen eggs (Truslow Farms, Chestertown, Md.); 8 days later, the rickettsiae were harvested and purified as described previously (59) . Rickettsia prowazekii was further purified by using a variation of Renografin density gradient centrifugation (13, 18) in which the rickettsiae were suspended in 218 mM sucrose-3.76 mM KH2P04-7.1 mM K2HP0,-5 mM glutamic acid (pH 7.0), layered onto 25% Renografin (E. R. Squibb, Inc., Princeton, N.J.), and sedimented by centrifugation at 30,240 X g for 60 min at 4°C in an SA-600 rotor (Du Pont Sorvall, Inc., Norwalk, Conn.). DNA hybridization. The methods used to obtain purified DNA and to determine levels of DNA relatedness in free solutions by the hydroxyapatite method have been described previously (8); 60 pg of unlabeled DNA per ml instead of 150 pg of unlabeled DNA per ml was used in all hybridization reactions. This was because of the small genome size of these organisms and the scarcity of Rickettsia prowazekii DNA. The reaction kinetics were not significantly changed. DNAs from Rickettsia prowazekii and Rochalimaea quintana were labeled enzymatically in vitro with [32P]dCTP by using a nick translation reagent kit (GIBCO BRL, Gaithersburg, Md.). To obtain optimal reassociation, reaction mixtures containing labeled Rickettsia prowazekii DNA were incubated at 50"C, and reaction mixtures containing labeled Rochalimaea quintana DNA were incubated at 55°C. This was because Rickettsia prowazekii has a lower guanine-pluscytosine (G+C) content than Rochalimaea quintana. Stringent reassociation reaction mixtures were incubated at 65 and 70°C. The level of divergence in related sequences was estimated to be approximately 1% for each 1°C of decreased thermal stability in a heterologous reassociated DNA duplex compared with the thermal stability of the homologous reassociated DNA duplex. Levels of divergence were calculated to the nearest 0.5%.
16s rRNA sequence analysis. All of the 16s rRNA sequences used in this study were retrieved electronically from the GenBank data base (5) ( Table 1 ). The sequences were aligned with the multisequence alignment program PILEUP, which is part of the GOG software package (14). The alignment was masked to remove variable regions where the nucleotide positions could not be reliably determined. This reduced the number of positions included in the analysis to 1,317. Phylogenetic relationships were inferred from the data by using version 3.4 of the PHYLIP software package (17). Evolutionary distance values determined by the method of Jukes and Cantor (19) were used to calculate the rRNA similarity values shown in Tables 2 and 3 and to construct the dendrogram in Fig. 1 by the neighbor-joining method (37) . The reliability of the tree was analyzed by bootstrapping the data (16).
Nucleotide sequence accession numbers. The nucleotide sequence accession numbers for the organisms which we studied are shown in Table 1 .
RESULTS
DNA hybridization data are shown in Table 4 . Labeled DNA from Rickettsia prowazekii was 6 to 14% related to unlabeled DNAs from Rochalimaea species and Bartonella bacilliformis. The levels of divergence in related sequences were 26.5 to 27.5%. The levels of relatedness of Rickettsia prowazekii to Rochalimaea and Bartonella species were 0 to 1% in 65°C reactions and 1 to 2% in 70°C reactions. Labeled Rochalimaea quintana DNA exhibited 0% relatedness to Rickettsia prowazekii DNA in reactions performed at 55°C. The levels of relatedness of labeled Rickettsia prowazekii and Rochalimaea quintana DNAs to unlabeled DNA from Brucella melitensis were 0 and 1%, respectively.
The dendrogram in Fig. 1 was inferred by the neighborjoining method, using the sequence from Desulfovibrio desuljkricans as the outgroup. The overall topology of the tree agrees with the results of previous phylogenetic studies based on 16s rRNA sequence data. The two Chlamydia species were not found to be closely related to eubacteria that cluster in the Proteobacteria branch (51, 61) . Among the members of the Proteobacteria branch, organisms previously determined to be members of the a or T subgroup were found to cluster together. The three species which form the group at the top of Fig. 1 have been identified as members of the 7 subgroup (27, 50, 51, 61) . The 34 representatives of the a subgroup were on a single branch that was divided into two major clusters. With the exception of the four Rochalimaea species and Bartonella bacilliformis, one cluster was composed of all of the species in the order Rickettsiales for which sequence data were available at the time that this study was performed. The eight Ehrlichia species were distributed into three well-delineated groups. Ehrlichia risticii and Ehrlichia sennetsu formed a deeply branching group (group I). Group I1 consisted of Ehrlichia canis, Ehrlichia ewingii, Ehrlichia chafeensis, and Cowdria ruminatium, and group I11 contained Ehrlichia phagocytophila, Ehrlichia equi, "Ehrlichia platys," and Anaplasma marginale. Wolbachia pipientis occupied an intermediate position in the evolution of these species. The three Rickettsia species formed a monophyletic group (group IV) which diverged prior to the 11 species contained in groups I through 111.
A second cluster of the a subgroup of Proteobacteria contained all of the species that we propose should be removed from the order Rickettsiales, including the four Rochalimaea species and Bartonella bacilliformis. In this cluster, Rochalimaea species and Bartonella bacillifomis formed a coherent subcluster (group V) that was on a branch with Brucella abortus and Agrobacterium tumefaciens.
A bootstrap analysis of the data was performed to measure the reliability of the polyphyletic nature of the Rickettsiales shown in Fig. 1 . A consensus tree derived from the 100 trees generated by this analysis had exactly the same structure as the tree shown in Fig. 1 , with the single exception that the positions of E. canis and E. chafleensis were interchanged.
Groups I through V were absolutely stable, occurring as shown in Fig. 1 in 100% of the bootstrapping trials. The overall structure of the cluster consisting of the majority of the Rickettsiales was also very stable, with the taxonomic IP: 54.70.40.11
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Subgroup y Proteobacteria
For each strain for which a strain designation is not given, the template DNA used for sequencing was obtained by enzymatic amplification of 16s rRNA genes For each strain for which a reference is not given, the sequence was submitted to GenBank as "unpublished." T = type strain.
from Renografin-purified cells, clinical specimens, or tissue obtained from insect hosts.
units occurring to the right of the interior nodes present at levels of 95% or greater. The values for the interior nodes in the other a subgroup of Proteobacteria cluster were generally lower; however, the group consisting of Agrobacterium turnefaciens, Brucella abortus, Bartonella bacillifomzis, and the Rochalimaea species occurred in 100% of the trials. Table 2 shows the 16s rRNA similarity values for Agrobacterium tumefaciens, Brucella abortus, and members of the Rickettsiales. The sequences of Coxiella bumetii and Wolbachiapersica did not exhibit high levels of homology to any of the (x subgroup of Proteobacteria sequences, which is consistent with the position of these organisms outside this subgroup. The sequence of W. pipientis exhibited the highest levels of homology (approximately 89.5%) to the sequences of species belonging to groups I1 and 111. The sequence of Bartonella bacilliformis was most similar to the sequences of the Rochalimaea species, with levels of similarity ranging from 98.7 to 98.8%. These values were only slightly less than the values of 99.1 to 99.8% obtained in comparisons among the four Rochalimaea species. The sequences of Bartonella bacilli$ormis and the Rochalimaea species were substantially more similar to the sequences of Bmcellu abortus and Agrobacterium tumefaciens than to the sequences of members of the Rickettsiales. 780 BRENNER ET AL. TNT. J. SYST. BACTERIOL. The coherence among the members of the five groups defined above and the distinctiveness of these groups are evident from the intra-and intergroup similarity values shown in Table 3 . Within each of the five groups, the average similarity values are high, ranging from 98.7 to 99.5%. When comparisons are made across groups, the average similarity values are approximately 10% lower, except for groups I1 and 111, whose members exhibit an average level of similarity of 93.7%.
DISCUSSION
The order Rickettsiales has been a repository for small, gram-negative, usually intracellular, parasitic or mutualistic bacteria, almost all of which are unable to grow on bacteriologic media. These organisms have included rickettsiae, parasites of protozoa, endosymbionts of insects, and, until 1971, chlamydiae (30, 41) .
As defined by Weiss and Moulder (56) , the members of the Rickettsiales are usually rod-shaped or coccoid, often pleomorphic, parasitic or mutualistic, gram-negative, nonmotile bacteria with typical bacterial cell walls. They multiply by binary fission and are cultivable only in their host cells or in living tissues. Except for binary fission, there are notable exceptions to all of these characteristics. The parasitic forms are often associated with arthropods that act as vectors or primary hosts.
Specialists have long recognized the difficulties in accurately classifymg the Rickettsiales, as well as its families, genera, and species (28, 43, 47, 53a, 54, 60) . Since most rickettsiae could not be grown in vitro, their classification was based heavily on their hosts, their intracellular morphol- The tree was reconstructed as described in Materials and Methods. The scale bar (lower left) represents a 5% difference in nucleotide sequences, as determined by taking the sum of all branch lengths that connect two species. GenBank accession numbers and references for the sequences included are given in Table 1. ogy and locations, their arthropod vectors, their antigenic differences, and a small number of other phenotypic characteristics (43) . Another barrier to accurate classification was the fact that the important human and animal pathogens were studied in much more detail than were agents that had little or no effect on their hosts (54).
Rickettsiologists realized that in-depth taxonomic studies were not possible until molecular methods could be used to determine genetic relatedness among rickettsial species and the relatedness of rickettsiae to other bacteria. Tyeryar et al. (43) stated the need "to establish an objective index of genetic relatedness among rickettsiae" and took the first step in doing so by determining G+C contents in rickettsial DNAs. In 1982, Weiss (53) wrote, "What we hope to learn in the next decade is the identity of the next-of-kin of rickettsiae by analysis of ribosomal RNA nucleotide sequences or amino acid sequences in ribosomal proteins. This informa-tion will greatly enhance our understanding of the place of rickettsiae in the microbiological world." Ormsbee (28), after reviewing G+C content and genome size data, concluded that the major rickettsial groups exhibited substantial divergence. He believed that most of the characteristics common to these major groups were the result of convergent evolution in response to the common pressures of a parasitic or commensal life style. Wisseman (60) came to a similar conclusion, stating that the "organisms so conveniently considered collectively in the past as 'rickettsial agents of (1,9, 11,23-25,38,43,44,55 ). As Table 5 shows, the G + C contents of Rickettsia species are 28.5 to 33.3 mol%. These G+C contents are significantly lower than the values of 38.5 to 41.1 mol% reported for Rochalimaea species and the values of 39.0 to 40.0 mol% reported for Bartonella bacillifonnis.
A summary of the results of previous DNA hybridization studies performed to determine the interrelatedness of Rochalimaea, Bartonella, and Rickettsia species is shown in ' Table 6 . Myers et al. (25) and Myers and Wisseman (23, 24) . .29.3-30.3 (43), 29.2 (24) Rickettsia prowazekii.. . .. .. .29.0-30.3 (43), 28.5-29.7 (23), 29.0 (24 40.3 (ll), 38.5-38.8 (43), 39.0 (55) , . 41.1 (ll), 39.0 (55), 38.9-39.2 (25)   39.3-39.8 (25), 39.3-39.8 (23) The numbers in parentheses are the references from which the data were obtained.
reported that four strains of Rochalimaea quintana were more than 90% related and two strains of Rochalimaea vinsonii were 100% related and that the levels of relatedness between Rochalimaea quintana and Rochalimaea vinsonii strains were 31 to 42%. Welch et al. (58) and Daly et al. (ll) , using a somewhat more sensitive method, showed that the levels of relatedness between Rochalimaea quintana and Rochalimaea vinsonii strains were 55 to 62% and the levels of relatedness among the four species in the genus Rochalimaea ranged from 49 to 71%. Brenner et al. (9) reported a level of relatedness between two Bartonella bacillifonnis strains of 97%, and Welch et al. (58) and Daly et al. (11) reported levels of relatedness between the four Rochalirnaea species and Bartonella bacilliformis of 32 to 47% (average, 42%).
These data indicate that the four Rochalimaea species and Bartonella bacillifonnis are valid genomospecies and that the genus Rochalimaea, containing four closely related species, is easily defendable. The data also strongly suggest that the members of the genera Bartonella and Rochalimaea are members of a single genus or two very closely related genera that must be in the same family. Myers et al. (25) and Myers and Wisseman (23, 24) determined levels of DNA relatedness among Rickettsia species and between Rickettsia and Rochalimaea species. They found levels of relatedness between Rickettsia prowazekii and Rochalimaea quintana of 31 to 33% and levels of relatedness between Rickettsia typhi and Rochalimaea quintana of 27 to 31%. The levels of relatedness among strains of Rickettsiaprowazekii were 93 to loo%, and the levels of relatedness among strains of Rickettsia typhi were 70 to 78%, indicating that these organisms are members of single species. The levels of interspecies relatedness when Rickettsia typhi, Rickettsia Canada, and Rickettsia rickettsii strains were compared usually were 36 to 53%. Thus, these Rickettsia species form a good genus, but they are almost as closely related to members of the genus Rochalimaea as they are to each other. Although difficult to reconcile with the substantial G+ C content differences observed between members of the genera Rochalimaea and Rickettsia, the DNA hybridization data of Myers et al. (25) and Myers and Wisseman (23, 24 ) support the present classification of the genus Rochalimaea (and therefore the genus Bartonella) in the family Rickettsiaceae.
Our DNA hybridization data (Table 4 ) indicate that Rickettsia prowazekii is substantially less closely related to the genera Rochalimaea and Bartonella (levels of relatedness, 6 to 14%) than previously reported (23-25) . The related sequences have diverged extensively, as judged from the divergence values of 26.5 to 27.5%. This seems to indicate that the related sequences are extremely unstable and may result at least partially from the fact that the G + C content of 28.5 to 30.3 mol% reported for Rickettsia prowazekii is very low ( Table 5) . This possibility appears to be supported by the fact that levels of relatedness of only 0 to 2% were observed in reactions performed at 55°C with labeled DNA from Rochalirnaea quintana (Table 4) , whose G+C content is 38.5 to 40.3 mol% ( Table 5) . Our data correlate with the significant divergence of the genus Rickettsia from the genera Rochalimaea and Bartonella that is inferred from differences in the G + C contents of these organisms and from their relatively low levels of rRNA sequence homology, as discussed below.
16s rRNA sequencing of rickettsiae was first done in 1985. Summaries of sequence similarity data are shown in Table 1 and Fig. 1. Weisburg et al. (52) sequenced 16s rRNA from On: Sun, 02 Dec 2018 09:25:59 VOL. 43, 1993 UNIFICATION OF THE GENERA BARTONELLA AND ROCHALIME4 783 Rochalimaea quintana and found that this organism belongs in the a-2 subgroup of the Proteobacteria and that its 16s rRNA sequence is most homologous (92.5%) with that of Agrobacterium tumefaciens. Weisburg and his collaborators (50) subsequently sequenced the 16s rRNAs of six additional species belonging to the Rickettsiaceae. Rickettsia prowazekii and Rickettsia typhi 16s rRNAs were 99.5% homologous and were 98.2 and 98.5% homologous, respectively, to Rickettsia rickettsii 16s rRNA. The Rickettsia species were in the a subgroup of the Proteobacteria, but not in the a-2 subgroup with Rochalimaea quintana . In fact, E. rkticii was more closely related to Rickettsia prowazekii than was Rochalimaea quintana . Coxiella bumetii and W. persica were in the T subgroup, with members of the genus Coxiella being specifically, although not extremely closely, related to Legionella pneumophila. These data leave no doubt that there is substantial heterogeneity within the family Rickettsiaceae and the tribe Rickettsieae, which contains the genera Rickettsia, Rochalimaea , and Coxiella.
The polyphyletic nature of the order Rickettsiales and the family Rickettsiaceae was confirmed, and additional taxonomic problems were identified as more rickettsia1 16s rRNAs were sequenced. The genus Ehrlichia was shown to contain three very different groups (2, 3). E. ewingii, E. 45) and was more closely related to members of the genus Anaplasma in the family Anaplasmataceae than to species belonging to the Rickettsiaceae, the family in which it is currently classified (12) . Another example is Anaplasma marginale, which exhibited higher levels of homology to members of the Rickettsiuceae (Rickettsia species and E. risticii) than were observed with members of genera in the Rickettsiaceae (Rochalimaea and Rickettsia species) (49) . 16s rRNA sequences are now available for all four Rochalimaea species and for Bartonella bacilliformis (6, 11, 26, 31, (33) (34) (35) 52) . It should be noted that the Bartonella bacilliformis sequence reported by O'Connor et al. (26) was incorrect and has been corrected (11) and that the results of workers in three laboratories who used the same strain of Bartonella bacilliformis differ by as much as 2% (6, 11, 34) . Sequence comparisons indicate that the levels of homology among Rochalimaea species are 99.1 to 99.7% and the levels of homology between Rochalimaea species and Bartonella bacill$omzis are 97.9 to 98.8% (not including data from the incorrect sequence generated by O'Connor et al. [26] ). The 16s rRNA sequence data complement the DNA hybridization data that support the hypothesis that there should be a single genus for Rochalimaea and Bartonella species.
A constant and convincing fact from all of the sequence studies described above is that there has been substantial evolutionary divergence of Rochalimaea and Bartonella species from all "true" members of the Rickettsiales. In fact, Rochalimaea and Bartonella species are more closely related to a number of other bacteria, including Brucella abortus and Agrobacterium tumefaciens, than to any ricke ttsial species.
The available phylogenetic data quite convincingly identify a number of serious taxonomic problems in the Rickettsiales. It is likely that additional taxonomic inconsistencies will be revealed when 16s rRNA sequence data and DNA hybridization data are available for all genera and species. Changes in the classification of the genera Rochalimaea and Bartonella are now warranted on the basis of phylogenetic data. Although the order Rickettsiales is not precisely defined, it is clear that neither the genus Rochalimaea nor the genus Bartonella belongs in this order. (57) and data for Rochalimaea henselae and Rochalimaea elizabethae, as follows.
Gram-negative, oxidase-negative, fastidious, aerobic rods. One species is motile by means of polar flagella. Best growth is obtained on media containing 5% rabbit or sheep blood in the presence of 5% C02. The optimal incubation temperature varies from 25°C (Bartonella bacilliformis) to 35 to 37°C. Carbohydrates are not utilized. All but one species are pathogenic for humans. Arthropod vectors have been demonstrated for Bartonella bacillifomis, for Bartonella quintana, and probably for Bartonella vinsonii (4). One or more species cause bartonellosis, trench fever, bacillary angiomatosis, peliosis hepatis, septicemia, and perhaps cat scratch disease. The G+C contents of the DNAs are 38.5 to 41 mol%. The type species is Bartonella bacilliformis (Strong, Tyzzer, Brues, Sellards, and Gastiaburu 1913) Strong, Tyzzer, and Sellards 1915. Description of Bartonella quintana comb. nov. The most recent description of Rochalimaea quintana is that of Weiss and Moulder (57) . In addition, Bartonella quintana is oxidase positive as determined by the standard oxidase test or weakly oxidase positive as determined by the Kovacs modification of the standard test (11) . Bartonella quintana is pathogenic for humans. It causes trench fever, is an etiologic agent of bacillary angiomatosis (20), and has been isolated On: Sun, 02 Dec 2018 09:25:59 VOL. 43, 1993 UNIFICATION OF THE GENERA BARTONELLA AND ROCHALIMAEA 785 from patients with human septicemia (58) . The 16s rRNA gene nucleotide sequence of the type strain, ATCC VR-358, has been deposited in the GenBank data base under accession number M73228 (31) . A corrected sequence has been submitted to the GenBank, EMBL, and DDBJ data bases (accession number L01259) (11) .
Description of Bartonella vinsonii comb. nov. The most recent description of Rochalimaea vinsonii is that by Weiss and Moulder (57) . In addition, Bartonella vinsonii is oxidase negative in the standard oxidase test or weakly oxidase positive in the Kovacs modification of the standard test (11) . The 16s rRNA gene nucleotide sequence of the type strain, ATCC VR-152, is deposited in the GenBank data base under accession number M73230 (31) .
Description of Bartonella henseibe comb. nov. With the following additions, the description of Bartonella henselae is the same as the description given previously (31) for Rochalimaea henselae. Bartonella henselae is pathogenic for humans. It is a major etiologic agent of bacillary angiomatosis (33, 35) and of hepatic and splenic peliosis (58) . It is a causative agent of septicemia in immunocompromised persons as well as in otherwise healthy persons (58) and may be a major cause of cat scratch disease (32) . No arthropod vector has been identified. The type strain is Houston 1 (= G5436 = ATCC 49882); it has a G+C content of 41 mol% (ll), and its 16s rRNA gene nucleotide sequence has been deposited in the GenBank data base under accession number M73229 (31) .
Description of Bartonella elizabethae comb. nov. The description of Bartonella elizabethae is the same as the description given by Daly et al. for Rochalimaea elizabethae (11) . No arthropod vector has been identified. The 16s rRNA gene nucleotide sequence of the type strain, ATCC 49927 (= F9251 = B91-002005), has been deposited in the GenBank, EMBL, and DDBJ data bases under accession number LO1260 (11) .
